Some clues suggest that neuronal damage induces a secondary change of amyloid ␤ protein (A␤) metabolism. We investigated this possibility by analyzing the secretion of A␤ and processing of its precursor protein (amyloid precursor protein, APP) in an in vitro model of neuronal apoptosis. Primary cultures of rat cerebellar granule neurons were metabolically labeled with [
The main pathological features of Alzheimer disease (AD) are extracellular deposits of amyloid ␤ protein (A␤), intraneuronal abnormal cytoskeletal filaments, and synaptic loss. The ''cascade'' hypothesis suggests cerebral formation of amyloid fibers as the first event of AD pathogenesis and, thereby, increased accumulation of soluble forms of A␤ as the primary culprit of the disease. This hypothesis is supported by the following evidence (1): (i) the progression of cerebral lesions in Down's syndrome, in which soluble A␤ begins to accumulate in brain tissue at least three decades before the appearance of cytoskeletal changes; (ii) all known genetic alterations linked to familial AD lead to an increased production of different forms of soluble A␤; and (iii) polymers of A␤ show cytotoxic effects in vitro and induce apoptosis in neuronal cultures. However, there are other clues arguing against the primary and unique role of cerebral A␤ accumulation in AD pathogenesis. Indeed, quantitative pathological studies performed either in human brain or in transgenic mice expressing mutant amyloid precursor protein (APP) showed that the relationships among the extent of A␤ deposits, neuronal loss, and behavioral deficit are not constant (2) , suggesting that a common phenotype, sharing the presence of various amounts of A␤ plaques, neurofibrillary tangles, and neuronal loss, may be the final effect of different primary etiologies. This point of view is supported by the recent finding that mutations of a gene linked to familial AD, presenilin 2 (PS2), causes apoptosis when expressed in PC12 cells (3) . Because it has been reported that AD patients carrying this gene mutation present a classical pathological picture including an increase of the A␤ longer form (A␤ 42 ) in cerebrum and plasma (4) , it is reasonable to speculate that apoptosis caused by a PS2 mutation is followed and not preceded by increased A␤ production. Furthermore, it is possible to speculate that the cellular damage leading to neuronal apoptosis caused by a different primary cause induces an overproduction of A␤ and that this event occurs in the pathogenesis of AD, in which apoptotic neurons have been shown to be present in the affected brain regions (5) .
We investigated this issue by analyzing the changes of A␤ metabolism after apoptosis induced in cerebellar granule cells by KCl deprivation. This model of neuronal apoptosis bears methodological advantages as described (6, 7) and represents the in vitro counterpart of neuronal deafferentation. Moreover, the removal of depolarizing stimuli obtained by lowering extracellular KCl from 25 mM to 5 mM changes most of the voltage-dependent events such as channels opening, intracellular Ca 2ϩ signaling (8, 9) , neurotransmitters (10), and neuropeptides secretion (11) . Herein we report that this model of neuronal apoptosis is accompanied by a 3-fold increase of total A␤ secretion, in spite of the presence of a normal production of APP. These findings and the observed changes of the other secreted APP derivatives (APP s ) indicate that neuronal apoptosis induces changes in APP intracellular trafficking and cleavage that are indicative of a preferential amyloidogenic metabolism occurring in cerebellar granule cells undergoing apoptosis.
glutamine (GIBCO͞BRL), and gentamicin (GIBCO͞BRL; 100 g͞ml) on poly-(L-lysine)-coated dishes (Nunc). At plating, cell density was 3 ϫ 10 5 per cm 2 (15 ϫ 10 6 cells per 100-mm dish). Cytosine ␤-D-arabinofuranoside (10 M) was added to the culture medium 18-22 h after plating to prevent proliferation of nonneuronal cells.
Metabolic Labeling and Apoptosis Induction. After 6 days in vitro, cerebellar granule cells were metabolically labeled by an overnight incubation in methionine-free DMEM containing 2 mM glutamine, 25 mM KCl, and [ 35 S]methionine (80 Ci͞ml; 1 Ci ϭ 37 GBq). Labeled neurons were subsequently treated for apoptosis induction by two washes with BME containing 5 mM KCl (5 mM KCl͞BME) and incubated in 5 ml of the same medium. Control cells were incubated in the same medium supplemented with 25 mM KCl. After 6 h of incubation, the medium containing constitutive secretion (CS) products was collected. Control and apoptotic neurons were both preincubated in 5 mM KCl͞BME for 15 min and subsequently subjected to a release experiment as described (10, 11, 13) with minor modifications. Briefly, neurons were subjected to a depolarizing secretory stimulus by 30 min of incubation in 5 ml of high KCl Locke solution (98 mM NaCl͞56 mM KCl͞2.3 mM CaCl 2 ͞0.4 mM MgCl 2 ͞5.6 mM glucose͞10 mM Hepes, pH 7.4). This treatment causes release from secretory vesicles of neurotransmitters and neuropeptides (10, 11, 13) . After incubation, the solution containing depolarization stimulated secretion (DSS) products was collected. Neurons were lysed in 1 ml of RIPA lysis buffer (14) .
Immunoprecipitation and Gel Electrophoresis. Cell lysates and secretion media (CS and DSS) supplemented with protease inhibitors [leupeptin (1 g͞ml)͞pepstatin (0.1 g͞ml)͞2 mM phenylmethylsulfonyl fluoride) were processed for detection of A␤, APP, and APP s . The following antibodies, directed against the epitopes reported in Fig. 1 , were used: polyclonal antibody R3659, raised against A␤ synthetic peptide containing residues 1-40 (15) and recognizing residues 1-5 of A␤ (16); monoclonal antibody 6E10, specific for A␤ residues 1-17 (17) and immunoreactive with ␣-but not ␤-APP s ; mAb 22C11 (Boeheringer Mannhein) recognizing N-terminal portion of APP (residues 60-100); polyclonal antibody C7, raised to synthetic APP residues 732-751 (18); polyclonal antibodies R1872 and R1155, recognizing APP epitopes flanking the A␤ portion (R1872 residues 652-671 and R1155 residues 714-730) (19) . Immunoprecipitation of cell lysates and CS and DSS media was performed overnight at 4°C with the corresponding antibody preadsorbed for 2 h at 4°C with protein A-agarose. After immunoprecipitation, samples were centrifuged at 3,000 rpm in an Eppendorf centrifuge and pellets were washed seven times with PBS. For detection of A␤, samples were resuspended in 30 l of 2ϫ sample buffer (8% SDS͞24% glycerol͞ 100 mM Tris͞100 mM Tricine͞Coomassie blue G250), boiled for 5 min, and subsequently analyzed by Tris-Tricine SDS͞ PAGE on 10-18% gels. For detection of APP and APP s , immunoprecipitated samples were resuspended in 20 l of 2ϫ sample buffer (9 M urea͞75 mM Tris⅐HCl͞140 mM 2-mercaptoethanol͞2% SDS), boiled, and separated on 10% and 7.5% SDS͞PAGE gels, respectively. Radiolabeled bands were quantitated with a PhosphorImager densitometer (Molecular Dynamics) using IMAGE QUANT software. The gels were also analyzed by routine autoradiographic methods.
Immunof luorescence Labeling. Neurons were grown 6-7 days in vitro on poly-(L-lysine)-coated glass coverslips, then rinsed three times with PBS, and fixed for 10 min with 4% (wt͞vol) paraformaldehyde (in PBS). Cells were permeabilized for 5 min with 0.2% Triton X-100 in 100 mM Tris⅐HCl (pH 7.5). Incubation with mAb 4G8 (1:100 dilution; Seneteck, Maryland, MO) recognizing the region of A␤ residues 17-24 was carried out at room temperature and fluorescein isothiocyanate-conjugated goat anti-mouse IgG was used for detection. For Golgi apparatus labeling, cells were incubated for 30 min with rhodamine-conjugated wheat germ agglutinin (WGA; 1:200 dilution). For nuclear staining, cells were incubated with propidium iodide (0.2 g͞ml) for 5 min before being mounted in Gelvatol.
The samples were routinely examined with a Leitz Dialux 22 microscope, equipped with a ϫ50 water-immersion objective. Confocal analysis was carried out with a Leica TCS 4D system, equipped with a ϫ100 1.3-0.6 oil-immersion objective.
All chemicals were from Sigma.
RESULTS

Apoptosis was induced in cerebellar granule cells metabolically labeled with [ 35 S]methionine by lowering extracellular
KCl concentration from 25 to 5 mM. After 6 h, conditioned medium from control and apoptotic neurons was collected and cells were subjected to a 30-min incubation in highly depolarizing KCl (56 mM), which causes release from secretory vesicles of neurotransmitters and neuropeptides (10, 11, 13) . The time of 6 hours after the beginning of the apoptotic stimulus was chosen because, as reported (6, 8) , most of the neurons were still alive and morphologically well preserved but programmed cell death was irreversibly triggered in about 50% of neurons.
Secreted A␤. Six hours after apoptotic stimulation, CS and DSS media were immunoprecipitated with R3659, the immunoprecipitate was separated by electrophoresis, and radioactivity in the gel was measured by PhosphorImaging ( Fig. 2A) . In CS medium of control and apoptotic neurons, no band was detected at 4 kDa, the predicted molecular weight of monomeric A␤; a very weak signal (not reproducible by photography) was detected at 8 kDa; and a sharp band was visible at 14 kDa (Fig. 2 A, lanes 1 and 2) . Further, the immunoprecipitate from apoptotic neurons contained 2-fold more of the 8-and 14-kDa peptides compared with the immunoprecipitate from controls. In DSS medium of apoptotic neurons, in addition to the 8-kDa and 14-kDa bands, the 4-kDa monomeric A␤ was present (Fig. 2 A, lane 3) . In DSS medium from control neurons, the 14-kDa band was visible, whereas the 4-and 8-kDa bands were detectable only as PhosphorImager values. Preabsorption of R3659 with the synthetic A␤ peptide containing residues 1-40 abolished the immunoprecipitation of all three bands (Fig. 2 A, lane 5) . Phosphorimaging quantification showed a 3-and a 2.7-fold increase of 4-kDa and 14-kDa bands, respectively, in apoptotic DSS medium compared with control medium (Fig. 2B) . To determine whether the 14-kDa band represents an A␤ oligomer or a fragment of APP containing the A␤ region, we first immunoprecipitated the DSS medium with antibodies recognizing APP epitopes flanking the N and C terminus of A␤. The same medium was then incubated with R3659, and the 14-kDa band was still observed (Fig. 2C) , suggesting that it represents trimers of A␤. The 8-kDa band was not found in the analysis of the second immunoprecipitate, suggesting that it was bound by one of the antibodies flanking A␤ (Fig. 2C) . Because the 8-kDa peptide was immunoprecipitated by R3659, which recognizes the N terminus of A␤, and increased during the apoptotic process, we speculate that this peptide corresponds to an APP C-terminal fragment containing the entire A␤ portion. A consistently equal amount of total radioactivity was present in conditioned medium from control and apoptotic neurons in several experiments, thus, indicating that an equal amount of labeled proteins was released in control and experimental conditions. Therefore, the increase of A␤ forms was not the result of unspecific release of intracellular proteins caused by cell degeneration.
Full-Length Intracellular APP. The increase of the A␤ in CS and DSS media of apoptotic neurons could be the result of an increased amount of APP available for ␤-secretase cleavage. To test this hypothesis, immunoprecipitation of cell lysate with C7 was performed. The precipitates, analyzed by electrophoresis, revealed the presence of a 130-kDa peptide corresponding to the mature form of full-length APP (Fig. 3) . When the full-length APP signal in control and apoptotic neurons was measured, no significant difference was found. Identical results were obtained when APP from whole-cell lysates was analyzed by Western blot (data not shown). To rule out the possibility that the 130-kDa peptide precipitated by C7 antibody was the APP-like protein 2, which has an electrophoretic mobility similar to APP (20) but lacks the A␤ portion (21, 22) , an analogous immunoprecipitation of cell lysates was repeated with 6E10 antibody, which specifically recognizes APP. This antibody also immunoprecipitated the same 130-kDa peptide that was unchanged in controls and in apoptotic neurons (data not shown).
Secreted APP Derivatives. APP derivatives, resulting from ␣-and ␤-secretase cleavage (␣-and ␤-APP s ), were extracted from cell-conditioned medium by two consecutive immunoprecipitations, first with the mAb 6E10, specific for the region of ␣-APP s corresponding to residues 1-17 of the A␤ sequence and second with the mAb 22C11, recognizing the N-terminal portion of APP, to immunoprecipitate ␤-APP s . The first procedure resulted in a peptide of 100 kDa (␣-APP s ), and the second immunoprecipitation yielded a band with a similar molecular mass (Fig. 4A) , as expected for ␤-APP s . We cannot exclude the possibility that part of the 100-kDa band obtained by the second immunoprecipitation with 22C11 originates from APP-like protein 2, which has a secreted N-terminal metabolite with a molecular mass similar to that of APP s (23) . In control neurons, the amount of ␣-APP s (Fig. 4A, lane 2) was constantly higher than that of ␤-APP s (Fig. 4A, lane 4 S]methionine, were incubated for 6 h in 25 mM KCl͞BME (controls) or 5 mM KCl͞BME (apoptosis) to obtain CS medium. Both apoptotic and control neurons were subsequently incubated 30 min in 56 mM KCl Locke solution to obtain DSS medium. CS and DSS media were subjected to immunoprecipitation and the immunoprecipitates were separated on Tris-Tricine 10-18% gels. with R3659 and the immunoprecipitated was analyzed by electrophoresis. Notice that the 14-kDa band is still present, but the 8-kDa peptide, probably isolated by one of the flanking antisera, is not visible.
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Proc. Natl. Acad. Sci. USA 95 (1998) route (24, 25) . Conversely, in apoptotic medium, ␤-APP s (Fig.  4A , lane3) levels were higher than ␣-APP s levels (Fig. 4A, lane  1) , either in constitutive and stimulated secretion (for quantification, see also Fig. 4 B and C) . Consequently, apoptosis produced a reversal of ␤-APP s ͞␣-APP s ratio, from 0.8 to 1.8 in CS (Fig. 4B , open bars) and from 0.2 to 1.4 in stimulated secretion (Fig. 4B, solid bars) . In DSS medium, there was a 50% decrease of ␣-APP s and a 122% increase of ␤-APP s in apoptotic neurons compared with corresponding controls (Fig.  4C) .
Immunof luorescence. Labeling of control neurons for A␤ protein showed a diffuse cytoplasmic distribution (Fig. 5A ). An intense polarized signal caused by A␤ protein (Fig. 5C ) was also observed at the level of the Golgi apparatus, identified by colocalization with WGA staining (Fig. 5 D and E) . In apoptotic neurons, recognizable as cells with a small compacted nucleus strongly stained by propidium iodide (Fig. 5B,  arrow) , the A␤ reactivity remained condensed in cytoplasm (Fig. 5 B and F) , whereas the Golgi apparatus became fragmented, as documented by weakening and dispersal of the WGA staining (Fig. 5G) . This result is in agreement with a previous report describing fragmentation of the Golgi apparatus in apoptotic neurons (26) . Therefore, in control neurons, A␤ immunoreactivity is mostly concentrated at the level of Golgi apparatus (Fig. 5E ), whereas in apoptotic neurons the signal is redistributed through the condensed cytoplasm (Fig.  5H) , suggesting a change of fate in the A␤ peptide trafficking. It is interesting to note that the change of A␤ signal distribution precedes the chromatin condensation, as seen in some preapoptotic neurons (Fig. 5B) . These results and biochemical data documenting an increase in ␤-secretase products suggest that early accumulation of these species in a secretory compartment may occur.
DISCUSSION
Herein we show, in a in vitro model, that neuronal degeneration leading to apoptosis is accompanied by a significant increase of amyloidogenic metabolism of APP, characterized by oversecretion of total A␤ and ␤-APP s and a parallel decrease of ␣-APP s in absence of changes in full-length APP production. These findings result from the analysis of both CS and DSS, which are qualitatively coherent, although data obtained from DSS are quantitatively more clear. The length of time chosen for harvesting CS medium allows A␤ proteolysis by extracellular proteases (27) and may account, at least in part, for the discrepancy between CS and DSS. Interestingly, the apoptotic process is accompanied by increased formation of soluble A␤ aggregates in the secretion medium. The oligomerization of soluble A␤ occurs in cell medium at picomolar concentrations (19) and has been shown to increase in cells transfected with mutant PS genes, because of the higher proportion of the long A␤ 42(43) (28). Although we were not able to quantify the percentages of A␤ 40 and A␤ 42 , because specific antibodies were not available, we speculate that the quick A␤ polymerization reflects a high level of A␤ 42 in apoptotic secretion. A significant finding of our study is the elevated secretion of A␤ observed in cerebellar granule cells upon depolarizing stimulus, known to release neurotransmitters and neuropeptides from secretory vesicles (10, 11, 13) . This result suggests the physiological presence of A␤ molecules in the secretory compartment in spite of the apparent undetectability of soluble intracellular A␤. It is tempting to speculate that A␤ formation occurs concomitantly or just before the fusion of secretory vesicles with plasma membrane. Interestingly, DSS medium from apoptotic neurons contains a 3-fold higher amount of the monomeric A␤ compared with DSS medium from control neurons, suggesting that during the apoptotic process intracellular accumulation of APP metabolites, caused by a protein sorting derangement, leads to in- creased A␤ production. The cytoplasmic condensation of A␤ reactivity, associated with the dispersal of Golgi apparatus, which we observed by immunocytochemistry, further supports the hypothesis of a deranged trafficking of Golgi-derived vesicles (containing APP C-terminal fragments) in the course of apoptosis. Altered vesicle sorting could be caused by the breakdown of microtubules that occurs in this apoptotic model as preliminary data indicate (unpublished results). The condensation of Golgi-derived protein vesicles is probably strictly related with the mechanism underlying the increase of APP products derived from ␤-secretase cleavage. Protease activation, as part of the apoptotic process in cerebellar granule cells, is known to occur (29) . It is however unlikely that only ␤-secretase, but not the ␣-secretase, is selectively activated in this event. The more likely explanation is that, after disruption of protein trafficking, APP metabolites are kept in an intracellular compartment in which a prolonged and preferential exposure to the ␤-secretase occurs. Cerebellar granule cells undergoing apoptosis have remarkable similarities to cultured cells expressing mutated PSs (28) . In both models, an increased oligomerization of secreted soluble A␤ occurs, without changes in full-length APP production (28) . Although the intracellular distribution of A␤ reactivity in cells expressing mutant PS has not been reported, PS mutations are likely to impair protein trafficking in the Golgi, as has been observed in Caenorhabditis elegans carrying mutations of spe-4, a PS analogue (30, 31) . It has been reported that mutant PS2 induces apoptosis (3). Herein we show that neuronal apoptosis C, D, F , and G is, respectively, reported in E and H, where the two chromophores are superimposed in the same image with a green͞red color scale. (E) In control neurons, 4G8 (green) and WGA Golgi (red) staining colocalize (yellow), whereas in three apoptotic neurons (H, arrows), the 4G8 signal appears to be mostly condensed in cytoplasm and does not colocalize with the Golgi apparatus, which is fragmented.
is associated with an increase of amyloidogenic metabolism, indicating that different causes may, therefore, lead to a common neuronal disorder. This hypothesis has to be confirmed by analyzing APP metabolism in models of neuronal apoptosis mediated by different triggers such as growth factor deprivation, energetic metabolism default, and drug-induced cell cycle derangement. Another issue that needs to be clarified is whether the changes of APP processing that we observed are directly involved in the process of neuronal death, as suggested by the finding of the proapoptotic effect of mutant APP 717 (32) . Several studies have provided evidence for the occurrence of DNA fragmentation from AD brains (5). Neuronal apoptosis has been so far interpreted as the consequence of the toxicity of extracellular A␤ aggregates, according to the amyloid ''cascade'' hypothesis. Our findings and those from experiments with mutant PS and APP 717 cells provide biological evidence that in AD, the A␤ overproduction can be the result of a primary neuronal degeneration, although, as suggested by the ''cascade'' hypothesis, it may also be the cause of further neuronal damage. The increased A␤ secretion may then activate a toxic loop that further accelerates the process of neurodegeneration. Moreover, the reduced proportion of secreted ␣-APP s , which acts as a neurotrophic factor (33) , can contribute to neuronal damage.
